Error-prone DNA synthesis by retroviral reverse transcriptases (RTs) is a major contributor to variation in retroviral populations. Structural features of retroviral RTs that are important for accuracy of DNA synthesis in vivo are not known. To identify structural elements of murine leukemia virus (MLV) RT important for fidelity in vivo, we developed a D17-based encapsidating cell line (ANGIE P) which is designed to express the amphotropic MLV envelope. ANGIE P also contains an MLV-based retroviral vector (GA-1) which encodes a wild-type bacterial ␤-galactosidase gene (lacZ) and a neomycin phosphotransferase gene. Transfection of ANGIE P cells with wild-type or mutated MLV gag-pol expression constructs generated GA-1 virus that was able to undergo only one cycle of viral replication upon infection of D17 cells. The infected D17 cell clones were characterized by staining with 5-bromo-4-chloro-3-indolyl-␤-D-galactopyranoside (X-Gal), and the frequencies of inactivating mutations in lacZ were quantified. Three mutations in the YVDD motif (V223M, V223S, and V223A) and two mutations in the RNase H domain (S526A and R657S) exhibited frequencies of lacZ inactivation 1.2-to 2.3-fold higher than that for the wild-type MLV RT (P < 0.005). Two mutations (V223I and Y598V) did not affect the frequency of lacZ inactivation. These results establish a sensitive in vivo assay for identification of structural determinants important for accuracy of DNA synthesis and indicate that several structural determinants may have an effect on the in vivo fidelity of MLV RT.
High mutation rates exhibited by retroviruses generate extensive genetic variation and confer high evolutionary potential in retrovirus populations (14, 42, 43, (52) (53) (54) 62) . Variation in human immunodeficiency virus type 1 (HIV-1) populations may in turn affect the fitness of the species. For example, genetic variation in HIV-1 populations has resulted in the selection of mutations that confer resistance to at least 11 antiretrovirus drugs approved for clinical use and selection of escape mutants that evade the host immune response (15, 46) . Genetic variation has also thwarted efforts to develop effective vaccines against HIV-1 (64).
An important mechanism of generating variation in retrovirus populations is the low fidelity of reverse transcriptase (RT) (42, 43, [52] [53] [54] . Mutation rates of RTs can be measured in vitro or in vivo by various assays (5, 42, 43, (53) (54) (55) . The measurements of fidelity are often altered by the in vitro assay conditions (18, 39, 44) . Previously, the in vitro mutation rate of HIV-1 was estimated to be approximately 20-fold higher than the in vivo mutation rate (4, 42) . In vivo forward mutation assays for various RTs have been determined and range from 3.4 ϫ 10 Ϫ5 to 4.8 ϫ 10 Ϫ6 mutations/bp/replication cycle (42, 43, [52] [53] [54] .
Amino acid positions and motifs in RT that may be important for the in vivo fidelity of RT are unknown. However, several studies have identified potential structural determinants that are important for the in vitro fidelity of RT (1-3, 19, 25-27, 35, 37, 45, 50, 51, 56, 57, 60, 66) . The YXDD motif is highly conserved in RTs, and mutations in the motif are associated with decreases in enzymatic activity and viral infectivity, changes in the positioning of the primer in the template-primer complex, and resistance to nucleoside analogs (10, 12, 15, 59, 67) . In addition, mutations at the methionine of the HIV-1 YMDD motif have been associated with alterations in the in vitro fidelity of RT (1, 2, 19, 25-27, 50, 51, 66) . Mutation of the HIV-1 YMDD motif to YVDD (M184V) is associated with high-level resistance to the antiretrovirus drug (Ϫ)-2Ј,3Ј-dideoxy-3Ј-thiacytidine (3TC) (9, 20, 63) . Several studies have observed large (up to 45-fold) increases in the in vitro fidelity of HIV-1 RT containing the M184V mutation (50, 51, 66) . However, another in vitro study using a forward mutation assay has indicated that the YVDD mutant of HIV-1 RT exhibits less than a twofold decrease in the mutation rate (19) .
The amino acids involved in binding to the substrate deoxynucleoside triphosphate (dNTP) may also constitute a fidelity determinant of RT (26, 29) . Recently, the crystal structure of HIV-1 RT complexed with the template-primer and the dTTP substrate shows six amino acids that contact the substrate dTTP (29) . Mutations at three of the positions were associated with alterations in the in vitro fidelity of RT (26, 45) . Another motif, the ␣H helix of the HIV-1 RT thumb domain, binds to the minor groove of the template-primer complex and is associated with alterations in the processivity and fidelity of RT (3, 6, 30) . Mutational analysis of the ␣H helix of HIV-1 RT was associated with lower fidelity in vitro, either through an increase in the rate of RT dissociation from the template DNA or through an increase in strand slippage resulting in lower frameshift fidelity (6). Finally, the RNase H domain may influence the rate of RT processivity and template switching, which may result in an increase in the rate of deletions, deletions with insertions, and duplications (21, 24, 33, 41) .
The differences in the fidelities of HIV-1 RT mutants in different in vitro assays demonstrate a need for analyzing the fidelity of RTs during the course of in vivo retrovirus replica-tion. Structural similarities between murine leukemia virus (MLV) and HIV-1 RTs suggests that understanding the structural determinants of MLV RT important for fidelity may provide insights into the fidelity of HIV-1 RT (22, 38) . In addition, a greater understanding of the mechanisms of MLV RT fidelity may lead to the development of improved MLVbased vectors and packaging cell lines for gene therapy. In this study, we have developed an in vivo assay for rapid measurement of the fidelity of wild-type or mutated MLV RTs. This assay provides a useful tool to identify structural determinants of MLV RT important for accuracy of DNA synthesis and to determine the extent to which they influence fidelity in vivo.
MATERIALS AND METHODS
Plasmids and retrovirus vector. The construction of MLV-based retrovirus vector GA-1 was previously described (34). Plasmids pLGPS and pAMS, which expressed the MLV gag and pol genes from a truncated MLV long terminal repeat (LTR) promoter and expressed a replication-competent MLV, respectively, were a kind gift from A. D. Miller (47, 48) . Plasmid pSV-A-MLV-env, which expressed the amphotropic MLV envelope gene from the LTR promoter and simian virus 40 enhancer, was obtained from the AIDS Research and Reference Reagents Program (40). Plasmid pBSpac encodes the puromycin N-acetyltransferase gene and confers resistance to puromycin (65) . Plasmid pSV␣3.6 encodes the ␣ subunit of murine Na ϩ ,K ϩ -ATPase gene and confers resistance to ouabain (36).
Generation of MLV RT mutants. Site-directed mutagenesis of pLGPS was performed by using a Morph kit (5Ј-3Ј, Inc.) or Chameleon kit (Stratagene). A detailed description of the mutagenic oligonucleotides and the strategies used to identify mutants is available upon request. Briefly, most of the mutagenic oligonucleotides were designed to introduce additional silent mutations and generate new restriction sites. Restriction digestion analysis was performed to identify plasmids containing mutations. DNA fragments ranging in size from 479 to 1,230 bp from the plasmids containing mutations were subcloned into pLGPS. The inserted fragments were analyzed by DNA sequencing to verify the presence of the desired mutation and the absence of any undesired mutations (ALF automated sequencer; Pharmacia).
Cells, transfections, and infections. D17 dog osteosarcoma cells were transfected, infected with MLV, and selected for resistance to ouabain or G418 (a neomycin analog) as previously described (33, 34). The D17 cells were selected for resistance to puromycin (final concentration, 3.2 ϫ 10 Ϫ6 M). The D17-derived ANGIE P cells were maintained, transfected, and selected for drug resistance in a similar manner.
Protocol for determination of in vivo fidelity. The ANGIE P cells were plated at a density of 2 ϫ 10 5 cells per 60-mm-diameter dish and 24 h later cotransfected with wild-type or mutated pLGPS and pSV␣3.6. The transfected cells were selected for resistance to ouabain, and the resistant colonies were pooled and expanded. The ouabain-resistant cells were plated at a density of 5 ϫ 10 6 cells per 100-mm-diameter dish; 48 h later, the culture medium containing GA-1 virus was harvested and used to infect D17 target cells. The infected D17 cells that were resistant to G418 were stained with 5-bromo-4-chloro-3-indolyl-␤-D-galactopyranoside (X-Gal), and the frequency of lacZ inactivation was determined by quantification of lacZ-expressing blue colonies and nonexpressing white colonies.
Virus preparation and RT assay. To isolate and concentrate virus, helper cells containing different constructs were plated at 5 ϫ 10 6 cells per 100-mm-diameter dish. Viruses were collected 2 days later and centrifuged at 25,000 rpm for 90 min in an SW41 rotor (Beckman) at 4°C. Viral pellets were resuspended in culture medium or phosphate-buffered saline, and virus was stored at Ϫ80°C. Concentrated virus was thawed on ice, and the RT activities were determined by modification of a previously described method (23). Briefly, 20-mer oligo(T) (50 g/ml; Integrated DNA Technologies), poly(A) (100 g/ml; Pharmacia), and 10 Ci of [ 3 H]dTTP (specific activity, 72 Ci/mmol; ICN) were used in the reactions. The reaction mixtures were precipitated with 10% trichloroacetic acid (Sigma) and filtered through 0.45-m-pore-size Metricel membranes (Gelman Sciences, Inc.), and the incorporated [ 3 H]dTTP was determined with a scintillation counter.
Western blot analysis. Western blot analyses to quantitate the amount of protein for the RT assay were performed by standard procedures (58) . Briefly, viral proteins were resolved on a sodium dodecyl sulfate-15% polyacrylamide gel, transferred to membranes (Gelman Sciences), and incubated with a 1:10 dilution of a rat anti-MLV capsid monoclonal antibody (13) . The membranes were further incubated with anti-rat immunoglobulin G antibody conjugated with horseradish peroxidase (Southern Biotechnology Associates) at a 1:10,000 dilution. The MLV capsid was detected with an ECL (enhanced chemiluminescence) kit (Amersham Pharmacia Biotech) and quantitative autoradiography using a densitometric program (Optimas).
PCR analysis and characterization of proviral DNA. A total of 161 individual G418-resistant clones infected with GA-1 were isolated and grown in duplicate 24-well tissue culture dishes. Mutant colonies were identified by staining one 24-well dish with X-Gal. Eleven mutant cell clones and six wild-type cell clones were further expanded and lysed, and proviral DNAs were amplified by two rounds of PCR (28, 58).
Three pairs of forward and reverse primers that annealed to six different regions in GA-1 were used to amplify three overlapping fragments of lacZ. DNAs obtained from the first round of PCR were further amplified by a second round of PCR using nested primer sets (58) . PCR products (1,216 to 1,326 bp) were further analyzed for smaller deletions or insertions by digestions with various restriction enzymes (BstUI, HaeIII, HhaI, DpnII, HpaII, and NlaIII) and electrophoresis using 7% polyacrylamide gels or 3% MetaPhor gels (MetaPhor agarose; FMC).
Southern analysis of proviral DNA. Genomic DNA was isolated from the ANGIE P encapsidating cell line, and the proviral structure was analyzed by Southern blot hybridization using standard procedures (16, 58) . A 1.2-kb fragment of WH390 containing an internal ribosome entry site (IRES) for expression of the neomycin phosphotransferase gene (neo) was used to generate a probe (specific activity, Ͼ10 9 cpm/g) as previously described (16) . Quantitation of bands was accomplished with the ImageQuant program (Molecular Dynamics).
RESULTS

Construction of ANGIE P encapsidating cell line.
The MLV-based retrovirus vector pGA-1 and the MLV envelope expression construct pSV-A-MLV-env ( Fig. 1A) were introduced into D17 cells to generate the ANGIE P encapsidating cell line (Fig. 1B) . The vector GA-1 possesses all cis-acting elements needed for viral replication, which include the LTRs, MLV encapsidation signal (⌿), primer binding site, and polypurine tract. In addition, the vector expresses the Escherichia coli ␤-galactosidase gene (lacZ) and neo from a single RNA transcript initiating in the 5Ј LTR. An IRES of encephalomyocarditis virus is used to express neo (31). The construct pSV-A-MLV-env expresses the amphotropic MLV envelope.
To construct the ANGIE P encapsidating cell line, pGA-1 was first transfected into the MLV-based packaging cell line PG13, and G418-resistant cells were selected. Virus harvested from the pool of transfected PG13 cells was used to infect D17 cells. After selection for G418 resistance, individual D17 cell clones were isolated and expanded. To ensure that the provirus in the D17 cell clones expressed a functional lacZ, six cell clones were stained with X-Gal and clones that stained blue were selected for further manipulation (data not shown). To verify that the GA-1 provirus was capable of completing one cycle of retrovirus replication, the D17 cell clones were transfected with pAMS, a plasmid that encodes a replication-competent MLV. After transfection, the replication-competent virus was allowed to spread through the culture for 5 to 7 days. Virus was harvested and used to infect fresh D17 cells. The presence of cells that stained blue with X-Gal indicated that the GA-1 provirus was mobilized from the D17 cell clones to the target cells in the presence of the MLV helper virus (data not shown).
Next, the pSV-A-MLV env was cotransfected with pBSpac (a plasmid that confers resistance to puromycin) into a D17 cell clone containing a GA-1 provirus. The transfected cells were selected for resistance to puromycin, and 12 cell clones were isolated and expanded. To verify that the cell clones expressed a functional amphotropic MLV envelope, the cell clones were cotransfected with pLGPS, which expresses the MLV Gag and Pol proteins (Fig. 1A ) and pSV␣3.6 (a plasmid that confers resistance to ouabain). Ouabain-resistant cells were selected, and virus produced from them was used to infect fresh D17 cells. The infected D17 cells were selected for resistance to G418 and stained with X-Gal (11) . The presence of cells that stained blue with X-Gal indicated that the D17 cell clones expressed the amphotropic MLV envelope and mobilized the GA-1 provirus to target cells in the presence of MLV Gag-Pol proteins. All 12 of the D17 cell clones tested for expression of the amphotropic MLV envelope generated virus titers of at least 10 4 CFU/ml after transfection with pLGPS (data not shown). One of the 12 clones was chosen and named the ANGIE P encapsidating cell line (Fig. 1B) .
It was also important to show that the ANGIE P encapsidating cell line did not express a replication-competent MLV, the presence of which could potentially result in multiple rounds of GA-1 replication. Culture supernatant from the ANGIE P encapsidating cell line was used to infect fresh D17 cells, which were selected for resistance to G418. No G418-resistant colonies were observed, indicating that the ANGIE P encapsidating cell line did not harbor a replication-competent virus (data not shown). Finally, the ANGIE P cells were plated at a low density (Ͻ100 cells/60-mm-diameter dish) and stained with X-Gal. The frequency of white cells was approximately 1 per 1,500 cells, indicating that the vast majority of the virus was produced from cells containing a functional lacZ (data not shown).
To ensure that the ANGIE P encapsidating cell line contained only one GA-1 provirus, genomic DNA was extracted from the ANGIE P cells and analyzed by Southern blot hybridization (Fig. 1C) . The DNA was digested with either HindIII or NcoI and hybridized to a probe containing IRES and neo sequences (Fig. 1A) . The HindIII enzyme cuts once in the GA-1 provirus, and two fragments of various lengths, representing 5Ј and 3Ј portions of the provirus and flanking regions, should be generated from each provirus. The presence of only two detectable fragments after HindIII digestion indicated that only one provirus was present in the ANGIE P cells. Similarly, the NcoI enzyme cuts once in the GA-1 provirus, and one fragment representing the 5Ј portion of the provirus and flanking region should be generated from each provirus. The presence of one fragment after NcoI digestion verified that only one provirus was present in the ANGIE P cells (Fig. 1C) . Finally, the sequence of the lacZ in ANGIE P cells was determined by PCR amplification and DNA sequencing of both strands to ensure that no mutations were present (data not shown).
Experimental protocol. The MLV RT expression construct pLGPS was subjected to site-directed mutagenesis, and the ANGIE P cells were used to identify protein determinants important to the accuracy of DNA synthesis during reverse transcription (Fig. 1A and B) . First, pLGPS-derived constructs that contained mutations in the MLV RT were separately introduced into the ANGIE P cells by cotransfection with pSV␣3.6. Ouabain-resistant colonies were pooled and expanded. Virus was harvested from the pools of transfected cells; serially diluted viruses were used to infect D17 target cells. The infected D17 cells were selected for resistance to G418, and the resulting colonies were stained with X-Gal. The frequency of lacZ inactivation was determined by dividing the number of white colonies by the total number of colonies (blue plus white colonies). In general, the multiplicity of infection was Ͻ0.0005, and the probability of double infection was very low (Ͻ1/2,000 colonies). The frequency of lacZ inactivation provided a measure of the inactivating mutations introduced into the lacZ gene during one cycle of retroviral replication, mutated forms of pLGPS were separately cotransfected (Tf) with pSV␣3.6 into the ANGIE P cell line, and the virus produced was used to infect (Inf) D17 cells. The infected cell clones resistant to G418 were stained with X-Gal, and the numbers of blue (wild-type) and white (mutant) colonies were determined. (C) Southern analysis of the ANGIE P encapsidating cell line. Genomic DNA isolated from ANGIE P cells was digested with either HindIII which constituted the transfer of genetic information from the GA-1 provirus in the ANGIE P cells to the GA-1 provirus in the D17 target cells. Using this assay, we determined the effect of introducing mutations in the MLV RT on the fidelity of DNA synthesis. In addition, the virus titers obtained after transfections of wild-type or mutated pLGPS constructs were used to determine the effects of mutations on the efficiency of virus replication.
Effects of mutations at the V223 position of the MLV YVDD motif on fidelity. The V223 of MLV RT was mutated to an alanine (V223A), isoleucine (V223I), methionine (V223M), or serine (V223S), and the effects of these mutations on the frequency of lacZ inactivation were determined. The frequencies of lacZ inactivation with each mutant RT were compared to the frequency of inactivation obtained with wild-type RT in parallel experiments (Table 1) .
The wild-type pLGPS construct inactivated lacZ at an average frequency of 5.2% in one cycle of retrovirus replication. The frequencies of lacZ inactivation obtained in 10 independent experiments were highly reproducible (standard error, Ϯ0.48%). The V223A, V223M, and V223S mutants exhibited 1.7-, 1.8-, and 2.3-fold-higher frequencies of lacZ inactivation, respectively, compared to the wild type. The observed frequencies of lacZ inactivation with the mutants were shown to be statistically different from the wild-type frequency (P Ͻ 0.001). Conversely, the V223I mutant showed no change in the frequency of lacZ inactivation (5.3% Ϯ 0.30%). All mutants displayed decreases in viral titers ranging from 2-to 100-fold relative to the wild type (4.4 ϫ 10 4 CFU/ml) ( Table 1 and Fig.  2C ). In addition, there was no correlation between reduction in viral titer and fidelity.
Mutational analysis of the MLV RT RNase H domain. Mutations S526A, Y598V, and R657S were introduced into the MLV RNase H domain, and the effects of these mutations on the frequency of lacZ inactivation were determined (Table 2) . These mutations were selected because it was previously shown that they did not affect the polymerase activity and permitted viral replication to occur (7, 8) . Again, the wild-type RT displayed a 5.2% Ϯ 0.30% frequency of lacZ inactivation. Mutants R657S and S526A exhibited frequencies of lacZ inactivation that were increased 1.2-and 1.4-fold, respectively (P Ͻ 0.005). In contrast, the Y598V mutant did not exhibit a change in the frequency of lacZ inactivation (5.4% Ϯ 0.39%; P ϭ 0.81). Finally, all three RNase H domain mutants exhibited a 2.5-or 5-fold decrease in the viral titer relative to the wild type (1.2 ϫ 10 5 CFU/ml) ( Table 2 and Fig. 2C ). Once again, there was no correlation between reduction in viral titer and fidelity. a Number of mutant colonies that displayed a white colony phenotype and total number of colonies that were observed in 2 to 10 independent experiments.
b Calculated as follows: (number of mutant colonies in each experiment/total number of colonies) ϫ 100. The standard errors were determined by using the two-sample t test.
c Calculated as follows: frequency of lacZ inactivation observed with mutant MLV RT/frequency of lacZ inactivation observed with wild-type MLV RT. Statistical analysis using a two-sample t test showed that the V223M, V223S, and V223A mutants of MLV RT displayed mutant frequencies significantly higher than that for wild-type MLV RT (P Ͻ 0.001). The mutant frequency obtained with the V223I mutant of MLV RT was not significantly different from that for wild-type MLV RT (P ϭ 0.71). RT activities of mutant RTs. Viruses produced from the wild-type and mutant RTs were harvested by ultracentrifugation and characterized by Western blotting analysis using an anti-MLV capsid antibody (13) . The Western blots were quantified to estimate the amounts of MLV capsid protein present in the viral preparations. A representative blot is shown in Fig.  2A . The estimated amounts of capsid protein were used to ensure that equivalent amounts of viral proteins were used for determination of RT activities (Fig. 2B) . The RT activities ranged from 5% Ϯ 1% for the V223A mutant to 93% Ϯ 1% for the S526A mutant relative to the wild-type enzyme. As expected, all of the RNase H domain mutants exhibited RT activities that were comparable to the wild-type RT activity. With the exception of the V223I mutant, all reductions in RT activities were significantly different from the wild-type level (P Ͻ 0.005).
The RT activities were compared to the relative reductions in viral titers observed (Fig. 2C) . In general, the reductions in RT activities were proportional to the reductions in viral titers observed for the V223 mutants. As expected, the RNase H mutants exhibited higher RT activities than most of the V223 mutants at the polymerase active site. In general, the RNase H mutants displayed a greater reduction in viral titer relative to RT activities, suggesting that other steps in the reverse transcription process were affected by mutations introduced in the RNase H domain.
Analysis of lacZ-inactivating mutations. To determine the nature of mutations introduced into the lacZ gene by the wild-type or mutant RTs, 161 infected G418-resistant cell clones were isolated from infections performed with the wildtype RT as well as the V223A, V223M, and Y598V mutants. X-Gal staining of the clones indicated that 11 of 161 cell clones exhibited a white colony phenotype. One mutant clone was derived from infection with the wild-type RT, three were derived from infection with the V223A mutant, three were derived from infection with the Y598V mutant, and four were derived from infection with the V223M mutant. The lacZ sequences from these 11 white colonies was amplified by two rounds of PCR using six different sets of primers. As a result, three overlapping fragments designated the 5Ј, middle, and 3Ј portions were generated (Fig. 3A) . The PCR products were approximately 1.2 to 1.3 kb in length. Each of the PCR fragments derived from the 11 cell clones was analyzed by gel electrophoresis and compared to the fragments obtained from a cell clone containing a functional lacZ. This analysis indicated that none of the lacZ genes present in the 11 cell clones were inactivated by large deletions or insertions (Ͼ100 bp; data not shown). The amplified lacZ fragments were digested a Number of mutant colonies that displayed a white colony phenotype and total number of colonies that were observed in four to nine independent experiments.
b Calculated as for Table 1 . c Calculated as for Table 1 . Statistical analysis using a two-sample t test showed that the S526A and R657S mutants of MLV RT displayed mutant frequencies significantly higher than that for wild-type MLV RT (P Ͻ 0.005). The mutant frequency obtained with the Y598V mutant of MLV RT was not significantly different from that for the wild-type MLV RT (P ϭ 0.81). with various restriction enzymes to generate smaller fragments in an effort to identify shorter deletions or insertions (Fig. 3B) . The 5Ј and 3Ј fragments of the lacZ from infected cell clones were digested with BstUI, HaeIII, and HhaI; the middle portion was digested with DpnII, HpaII, and NlaIII. DNA fragments that ranged in size from 75 to 863 bp were analyzed by gel electrophoresis. No differences were observed in any of the restriction digestions, indicating that the lacZ-inactivating mutations did not involve deletions or insertions that were larger than 20 bp (based on the estimated resolution of the restriction analysis).
Since no small deletions or insertions could be observed, both strands of the PCR products derived from three cell clones were sequenced to ensure the accuracy of the sequencing analysis. These three cell clones that displayed a white colony phenotype were derived from an infection with the V223A mutant of MLV RT. The sequencing analysis indicated that two mutants contained a ϩ1 frameshift in runs of six adenosine nucleotides present at different locations in the lacZ gene. One mutant contained a C-to-T transition, which resulted in the generation of a termination codon. These mutations were not the result of errors occurring during the PCRs, since they were identified in independent PCRs (data not shown). These results verified that the white colony phenotype was indeed generated by introduction of mutations in lacZ. In addition, different types of mutations could be identified in this assay (Fig. 3C) .
DISCUSSION
This study provides a rapid, accurate, and highly reproducible in vivo assay for identification of MLV RT structural determinants important for fidelity. The in vivo assay described here is rapid compared to the previously described in vivo assays involving shuttle vectors because the mutant frequencies can be determined immediately after the infected cell clones are obtained (42, 43, 53, 54) . This assay is also more sensitive and accurate than the previously described in vivo assay utilizing the herpesvirus thymidine kinase reporter gene because it is not necessary to compare viral titers after two different drug selection procedures (52) . Due to the large size of the lacZ reporter gene, a high mutant frequency is obtained and a large number of mutants can be identified. The high mutant frequency increases the utility of the assay because the accuracy of RT mutants with low viral titers can be easily determined. In addition, mutations that increase the accuracy of DNA synthesis can also be identified. One limitation of this in vivo assay is that RT mutants with extremely low fidelities may generate highly mutated viruses that cannot confer resistance to G418 and therefore cannot be analyzed.
The results of these studies indicate that mutations at the V223 position of the MLV RT have a statistically significant effect on the in vivo fidelity of RT. These results are consistent with the in vitro forward mutation assays performed with the YVDD mutant of HIV-1 RT (19) . For both MLV and HIV-1 RTs, the YVDD motif appears to be approximately twofold more accurate than the YMDD motif. It is possible that even though the overall mutation rate is altered only twofold, the rate of a specific type of mutation is altered to a greater extent. For example, a 10-fold increase in the rate of 1 of the 12 possible substitutions may have a less than twofold effect on the overall mutation rate.
The effect of a twofold alteration in the retrovirus mutation rate on variation in viral populations is undetermined. A model was previously proposed to ascertain the relative impact of mutation rates and selective forces on viral populations (14) . Based on the model, it was hypothesized that in a large viral population with a high replicative capacity, small changes in the selective forces will have a greater impact on the viral variants present than large changes in mutation rates. Whether small changes in the mutation rate affect viral evolution will be dependent on the size of the viral population and its growth potential. In this regard, it is significant that the rate of development of drug-resistant variants in cell culture was the same for the YMDD and YVDD variants of HIV-1 (32, 49). These observations, along with our observation that the YVDD variant is only twofold more accurate than the YMDD variant, suggests that twofold alterations in RT fidelity are unlikely to have an effect on the rate of viral evolution.
It is of interest to consider the structural features of the YMDD and YVDD variants and how these features may be related to the statistically significant alterations in fidelity. It has been postulated that the X residue of the YXDD motif may contact the primer and is important for affinity to the template-primer as well as its positioning relative to the catalytic site (10, 17, 59) . Repositioning of the template-primer by the YMDD variant may alter flexibility of the dNTP binding pocket, ultimately leading to changes in fidelity (27). In addition, molecular modeling studies have predicted an increased fidelity of YVDD and YIDD variants due to new contacts with the incoming dNTP substrate that are absent from the YMDD variants (29, 51). Therefore, the hydrophobicity and the size of the amino acid side chain at the V223 position may be important for the catalytic function and fidelity of RT. It is interesting that two of the three mutations generated with the V223A mutant RT were ϩ1 frameshifts. Frameshifts account for approximately 10% of all mutations (42, 54) , and this limited analysis suggests that the V223A mutation may affect the template-primer affinity and frameshift fidelity, which is consistent with previous observations (10) .
The observation that the V223A mutant exhibits a severe reduction in the polymerase activity whereas the V223I mutant has little effect on the polymerase activity is consistent with previously published results obtained with HIV-1 RT (10). Also, the viral titers were consistently reduced to a greater extent than the observed decreases in polymerase activities, suggesting that additional steps during reverse transcription may also be affected by the mutations.
The RNase H mutants S526A and R657S exhibited small but statistically significant alterations in fidelity. As expected, the mutations had little effect on the polymerase activity (8) . The changes in fidelity of these mutants may be due to altered processivity of RT, interactions of the RT with the templateprimer complex, or the overall structure of the RT (24, 61). The reductions in viral titers associated with these mutants may be due to a reduced efficiency of strand transfer events during reverse transcription (21, 41).
The assay described here may be used to determine the roles of various RT domains, including the dNTP binding site and the thumb domain, in the fidelity of reverse transcription. The importance of other viral proteins to the fidelity of reverse transcription may also be easily determined. Finally, a similar strategy may be used to analyze the effects of mutations in RT on the frequencies of specific types of mutations.
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